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Abstract. The observed changes in atmospheric pressure and the associated wind stress field
over the North Pacific following the 1976 climate shift appear to have had major effects on con-
ditions in the underlying ocean. The Kurishio Extension, North Pacific Current, and most of the
central water mass regions became cooler whereas the California Current, Alaska Current and the
westward flow regions of the Alaska Stream were warmer after 1976. The large-scale atmos-
pheric changes had a significant impact on the wintertime circulation of the North Pacific as well.
At mid-latitudes, the increase in zonal wind stress led to (1) a doubling of southward Ekman
transport; (2) a 3-4-fold increase in upwelling due to Ekman pumping; (3) 30% more turbulent
mixing; (4) a 7-fold rise in poleward Sverdrup transport, and (5) a doubling in zonal Sverdrup
transport. The North Pacific Current increased by 10 Sv (1 Sv = 10° m*/s); southward transport in
the subtropical gyre increased by 18 Sv. All of these modifications are consistent with cooler
SSTs observed in the central North Pacific and are likely to be associated with a significant
change in the advection and distribution of heat, nutrients, and organic material throughout the ba-
sin. The geostrophic adjustment to the convergent poleward Sverdrup transport created a west-
ward return flow in the subarctic gyre, which would alter the inflow of heat and material into the
Kurishio/Oyashio Current complex. After 1976, the Gulf of Alaska experienced less export in the
surface Ekman layer and a broader transport into the Gulf compared to the narrow coastal current
prior to 1976. While the California Current appears to have featured less upwelling and mixing,
the difference in transport into and through the system before and after this climate shift was in-

significant.

1. Introduction

“We cannot control the seas, but we can steer the boat.”
This Hawaiian adage applies to climate change and its effects.
Interannual to decadal variability in the environment is asso-
ciated with natural “cycles” (not necessarily periodic) in the
atmosphere and oceans. It is important to understand what
mechanisms drive these variations and how they trigger re-
sponses at the ecosystem level. From this, we can consider
ways to mitigate the socioeconomic effects of climate change.
Climatic fluctuations on decadal time scales have been linked
to ecosystem perturbations that affect the major exploited fish
stocks in the mid-latitude North Pacific [Brodeur and Ware,
1992; Hollowed and Wooster, 1992; Lluch-Belda et al., 1992;
Beamish, 1993; Francis and Hare, 1994; Polovina et al.,
1994; Mantua et al., 1997]. An improved ability to forecast
“regime shifts,” or merely to recognize recent shifts in the
environment, will allow resource managers to adjust commer-
cial fishing quotas, as well as enable the industry to prevent
overcapitalizing on a reduced fishery.

There is much to learn about the scales of climate vari-
ability and the physical mechanisms that lead to climate
change. Because much of this variability occurs on decadal
time scales, we do not have the luxury of documenting it with
long-term field studies. A more satisfying alternative is to
interpret the large data base of historical measurements.
Thoughtful retrospective analysis of these data allows us to
describe past changes in the environment, develop hypotheses
about what led to these observed changes, and serve as forc-
ing fields for numerical models that can more fully tell us
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what conditions were prevalent in past climate regimes.
From reconstructions of past environmental conditions, we
can relate known fluctuations in marine populations, specifi-
cally changes in commercial fishing yields, to the physical
parameters and processes most likely to have impacted them
on the ecosystem level.

The best known example of decadal climate change is the
1976 shift documented by Nitta and Yamada [1989], Tren-
berth [1990), Graham [1994], Trenberth and Hurrell [1994],
and others. This shift is associated with variations in 40 envi-
ronmental quantities [Ebbesmeyer et al., 1991]. Its most ob-
vious signal in the North Pacific Ocean was a substantial
redistribution of thermal energy in the upper ocean (Figure 1).
The central part of the basin, including the Kurishio Exten-
sion and North Pacific Current, became relatively cooler.
The eastern and northern extent of the North Pacific, incorpo-
rating the California Current, Gulf of Alaska, and Bering Sea,
warmed after 1976.

Sea surface temperature (SST) is the most accessible ocean
parameter available in the historical record. Another rela-
tively available quantity, wind velocity, displays considerable
change on decadal scales. Other critical observations, in-
cluding current velocity, mixed layer depth, and subsurface
temperature and salinity, are less common, but fluctuations in
these are likely to be more closely coupled to biological vari-
ability. Wind measurements are very useful for explaining
less completely known circulation fields, by using straight-
forward fluid dynamical theory to derive lateral and vertical
currents. In this paper, we estimate the changes in wind-
forced ocean transport in the decade following the 1976 cli-
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mate shift. Knowing the response of ocean circulation to
climate change is important because of its role in advecting
and redistributing heat, salt, and buoyancy, nutrients, plants
and animals, including many fish and their prey, and in gen-
erating new patterns and features (e.g., eddies, fronts) that
alter fish habitats. Decadal environmental changes may also
be a reasonable model for future climate changes due to an-
thropogenic influences.
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Figure 1. Difference in SST between averaged fields for two
decades (1977-86 less 1966-75), for winter (Dec.-Feb.) and
summer (June-Aug.). Contour interval is 0.5°C. Bold con-
tour denotes zero anomaly. Light (dark) shades denotes
greater than 0.5°C (less than -0.5°C) anomalies.

2. Background

Ocean-atmosphere coupled models [Latif and Barnett,
1994, 1996] suggest that decadal climate variability over the
North Pacific is associated with varying rates and distribu-
tions of air-sea heat flux and stress driven by interactions
between subtropical ocean circulation in the North Pacific
and the Aleutian Low-pressure system, and is greatest at mid-
latitudes. The deepening and eastward displacement of the
winter Aleutian Low that commenced in 1976 led to stronger
zonal winds over the central North Pacific and a cyclonic
rotation of wind stress to a more poleward direction in the
Gulf of Alaska [Deser et al., 1996; Parrish, 1997; Yasuda
and Hanawa, 1997] (Figure 2).

The central North Pacific subsequently cooled by a degree
and more at the surface, while increasing by a similar amount
along the North American coast and in the Gulf of Alaska
(Figure 1). Decadal temperature anomalies were evident to at
least 400 m, and were strongest below the influence of inter-
annual variability (150 m and greater) [Deser et al., 1996;
Zhang and Levitus, 1997). Model [Miller et al., 1994] and
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Figure 2. Winter wind stress vector fields for two decades
(1966-75 and 1977-86) and their difference. Scaling vector
shown in upper left of each panel.

observational [Polovina et al., 1995; Deser et al., 1996]
studies indicate a 20 m and more shoaling of the mixed layer
depth (MLD) in the subarctic gyre after 1976, and a simulta-
neous deepening in the subtropical gyre by a similar amount.
SST anomalies in the North Pacific are connected to heat
flux anomalies, which in turn are controlled by large-scale
atmospheric circulation anomalies [Cayan, 1992; Miller et
al., 1994; Yasuda and Hanawa, 1997]. However many ocean
circulation quantities (e.g., Ekman divergence, vertical mix-
ing, Sverdrup transport) appear to have changed in a way that
contributed to the shift to cooler SSTs in the central North
Pacific after 1976 [Haney, 1980; Miller et al., 1994; Yasuda
and Hanawa, 1997] Latif and Barnett [1994, 1996] suggest
that heat anomalies rotate anticyclonically around the North
Pacific on a ~20-year period and that a substantial portion of
the variability in ocean temperature is due to coupling be-
tween the subtropical gyre and Aleutian Low. Others [Tren-
berth, 1990; Graham, 1994; Trenberth and Hurrell, 1994]
believe atmospheric teleconnections between the tropics and
midlatitudes were the cause of the shift in the Aleutian Low
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beginning in 1976. Transports in the gyres themselves are
likely to fluctuate on decadal scales as well [Trenberth et al.,
1990; Yasuda and Hanawa, 1997]. The subject of heat trans-
port on decadal scales is addressed further by Miller et al.
[1998] and Schneider et al. [1998].

Chelton and Davis [1982] were among the first to show
that basin-wide rather than local aspects of wind dynamics are
responsible for interannual fluctuations in the California Cur-
rent System (CCS). Since coastal sea level fluctuates in
phase along the entire west coast, geostrophic transports must
be out of phase in the Alaska and subtropical gyres. They
theorize that during periods of anomalously high (low)
coastal sea level, relatively more flow enters the Alaska (Cali-
fornia) Current. Their analysis suggests the changes in large-
scale forcing after 1976 should be consistent with a reduced
equatorward CCS transport and a greater flow into the Alaska
Current.

The observed cooling in the central North Pacific after
1976 was accompanied by warming in much of the California
Current [Roemmich and McGowan, 1995; Schwing et al.,
1997]. Statistical analyses of observations and model simu-
lations indicate that these coastal SST anomalies are nega-
tively correlated with surface temperatures in the central Pa-
cific [Miller et al., 1994]. The concurrent increase in
equatorward wind stress and mixing over the CCS south of
40°N [Schwing and Mendelssohn, 1997; Schwing et al., 1997]
suggests that decadal SST variations are not associated with
locally forced processes. In fact, monthly wind stress and
SST time series are not correlated throughout the entire CCS.
Miller et al. [1994] attribute warming in the CCS to an
anomalous heat flux input associated with large-scale shifts in
the atmospheric heat and momentum fields.

The northern portion of the CCS was cooler after 1976 and
features a ~50-year cooling trend, opposite the tendencies off
southern California [Schwing and Mendelssohn, 1997,
Schwing et al., 1997). The shift in the northern CCS was
linked to large-scale cool anomalies in the central North Pa-
cific rather than changes in local wind forcing. Various com-
binations of wind-forced advection, mixing and direct heating
lead to distinct regional responses of the coastal ocean on
decade scales, which in turn may have substantial conse-
quences for marine populations.

SSTs in the Gulf of Alaska increased dramatically in con-
cert with dynamic height following the 1976 shift [Lagerloef,
1995]. Ekman {Lagerloef, 1995] and geostrophic [Tabata,
1991] transports into the Gulf changed after 1976, and the
Alaska Gyre developed a more relaxed circulation with a
center that was displaced to the southwest from its previous
location. Tabata’s [1991] analysis of sea level along the US
west coast indicates relatively weaker transport in the Cali-
fornia Current in the years following 1976. He also notes that
interannual variations in transport into the Alaska and Cali-
fornia Currents appear to be out of phase, although not in a
statistically convincing way.

3. Results

To assess the effect of the 1976 climate shift in the North
Pacific Ocean, conditions during two ten-year periods are

compared; 1966-75 and 1977-86. Monthly means of several
quantities—surface atmospheric pressure, wind stress vectors,
wind speed cubed, and SST—were compiled from the Com-
prehensive Ocean-Atmosphere Data Set (COADS) for 2°
latitude/longitude squares [Mendelssohn and Roy, 1996].
From this, decadal means were computed for each season,
with winter being December-February, etc., such that each
seasonal field described here is the average of thirty monthly
means. Difference fields are also examined, taking the latter
from the earlier period.

From these basic fields, a number of wind-driven ocean
circulation characteristics were derived using relatively sim-
ple dynamical balances. Surface Ekman transports were de-
rived from observed wind stress fields and Ekman theory.
Vertical velocity was estimated from the equation for Ekman
pumping, using wind curl estimates. Transport streamfunc-
tions were computed by integrating meridional transports,
which were derived from the Sverdrup relationship, west
from the eastern ocean boundary. Sea level was found by
integrating the geostrophic transport, defined as the difference
of the total and Ekman transports.

One of the most apparent effects of the 1976 climate shift
was in the surface wind field. Over most of the North Pacific,
the decadal intensification of low pressure altered wind speed
but had little effect on the mean direction (Figure 2). How-
ever, the eastward expansion of the winter Aleutian Low
resulted in a more widespread cyclonic atmospheric flow over
the subarctic Pacific and a major shift in wind direction over
the Gulf of Alaska. In the pre-1976 decade the winter wind
stress over the Gulf was primarily eastward; post-1976 it had
a very strong northeastward component.

Basin-scale ocean circulation is linked closely to plane-
tary-scale atmospheric forcing, in particular the curl of the
wind stress. Therefore changes in ocean transport throughout
the North Pacific can be expected to accompany the observed
decadal shifts in atmospheric pressure and wind stress. An
increase in positive (cyclonic) wind curl, as seen after 1976
over the majority of the North Pacific north of 30°N, has two
major effects. First, it generates divergence in the ocean sur-
face layer, leading to Ekman pumping, or upward vertical
flow of water, to replace surface water. Second, it leads to
poleward ocean transport, based on the Sverdrup relationship
[Sverdrup, 1947], by which the additional vorticity imparted
to the water column by the curl is balanced through a pole-
ward movement of water to a latitude of greater planetary
vorticity. The Sverdrup transport dwarfs the Ekman trans-
port; however the latter is concentrated in the upper ocean
(~50 m) and is generally a greater contributor to near-surface
flow.

The consequences of the alteration in the winter wind
stress pattern over the central Pacific are several and inter-
related. Typically the mid-latitude surface Ekman transport is
to the south, in association with the predominantly eastward
wind stress. The intensification of eastward stress over most
of the North Pacific implies an increase in southward Ekman
transport south of 42°N, and more eastward (westward) sur-
face transport east (west) of the dateline (Figure 3).
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Figure 3. Winter surface Ekman transport fields for two dec-
ades (1966-75 and 1977-86), and their difference. Scaling
vector shown in upper left of each panel.

The pattern of surface Ekman divergence in the upper
ocean, equivalent to the wind curl and roughly proportional to
the meridional gradient of the east wind stress component
over the central North Pacific, is greatly altered as well (Fig-
ure 4). During both decades, a near-zonal line of zero diver-
gence near 35°N separated a region of upwelling to the north
from downwelling south of this line. Specific regions of up-
welling exceeding 10 cm/day are seen east of the Kamchatka
Peninsula, in the Gulf of Alaska, and along the California
coast. Xie and Hsieh [1995] derived a similar pattern of up-
welling for the North Pacific, with a winter mean of 5.2
cm/day for the area 39-61°N, and 13.5 cm/day downwelling
from 5-39°N. After 1976, the magnitude of divergence in-
creased north of about 38°N, and the upper ocean switched
from a convergent (downwelling) to divergent (upwelling)
state over the region 34-38°N. Winter frontal formation was
therefore shifted about 450 km to the south in the post-1976
decade. Downwelling increased slightly in the subtropics.
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Figure 4. Winter vertical velocity fields for two decades
(1966-75 and 1977-86), and their difference. Contour inter-
val is 10 cm/day. Shading denotes areas of upwelling.

In the central North Pacific (166°E-146°W), the average
southward Ekman transport (Figure 5a) grew by about 70%
over an area from 32-42°N (-1.0 to -1.9 m?%s, or -4.9 to -8.2
Sv). The result is an increased surface transport of presuma-
bly colder, nutrient-rich water to the subtropical side of the
North Pacific Current. This is despite the fact that the centers
of the subarctic and subtropical atmospheric cells (near S0°N
and 25°N, respectively) were virtually identical during both
decades.

Upwelling due to Ekman pumping (Figure 5b) increased in
the region 32-50°N by an average of over 360%, from 2.0
cm/day (2.3 x 107 m/s) to 9.1 cm/day (10.6 x 107 m/s). Xie
and Hsieh [1995] indicate that upwelling is enhanced in this
region during El Niiio events, when a stronger Aleutian Low
develops that is analogous to the pressure fields seen after
1976. They also suggest there is a long-term trend toward
greater winter upwelling (downwelling) north (south) of
about 30°N, a pattern that agrees closely with the one seen in
Figure 4.
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Figure 5. Winter zonally averaged values for key circulation
variables, for two decades (1966-75 and 1977-86), and their
difference. Variables averaged over 166°E-146°W for each
2° latitude box. Panels show (a) meridional Ekman transport
(positive denotes northward), (b) vertical velocity (positive
denotes upwelling), (c) total meridional transport (positive
denotes northward), (d) total zonal transport (positive denotes
eastward), and (e) sea level height (positive denotes higher
sea level).

The aforementioned region of increased winter wind stress
also experienced greatly increased turbulent mixing after
1976 (Figure 6). The average of the wind speed cubed, an
index of vertical mixing of near-surface water, increased from

1840 to 2371 m¥/sec’® (29%). This would act to entrain cooler
water into the ocean's surface mixed layer. The estimated
changes in Ekman transport, Ekman divergence and pumping,
and vertical mixing are consistent with, and likely contribute
to, the 30-80% deepening of the winter and spring upper
mixed layer in the central North Pacific [Miller et al., 1994;
Polovina et al., 1995; Deser et al., 1996]. All of these factors
have the same effect on local SST, namely cooler conditions
in the North Pacific Current region since 1976.
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Figure 6. Decadal difference in winter wind speed cubed
(1977-86 less 1966-75). Contour interval is 250 m*/s>. Bold
contour denotes zero difference; shading denotes areas greater
than 250 m%/s’.

Transports computed from the decadal winter fields repli-
cate the anticipated North Pacific Ocean circulation (Figure
7). An anticyclonic subtropical gyre spanning about 10-40°N
is bracketed by cyclonic subpolar and subtropical gyres. The
integrated transports are comparable to winter climatologies
based on analyses of other wind data sets (Table 1). Note-
worthy are the substantially larger winter transports from this
study and Trenberth et al. (1990), relative to annual-averaged
estimates [White, 1975; Trenberth et al., 1990; Burkov, 1993].

The total integrated transport in the West Wind Drift re-
gion between the subpolar and subtropical gyres increased
from 130 to 140 Sv (+8%) between the two time periods de-
scribed here (Table 1, Figure 7). The circulation of the North
Pacific subtropical gyre increased from 72 to 90 Sv (+25%).
This accounts for most of the increase in the westward North
Equatorial Current. However the circulation of the subarctic
gyre decreased from 58 to 50 Sv (-13%). The decadal differ-
ence in the North Pacific Current corresponds with an in-
crease in the average January geostrophic transport of the
Kuroshio Current from 43 to 52 Sv (derived from Qui and
Joyce, 1992, their Table 2).

Greater positive wind curl increased the average poleward
Sverdrup transport over 32-50°N, 166°E-146°W from 2.7 Sv
to 20.8 Sv (+670%) (Figures 5c, 7). Just as the change in
wind curl varied meridionally, the increase in the Sverdrup
transport was not uniform with latitude, but peaked at about
43°N. Convergence and divergence in the Sverdrup transport
sets up significant zonal currents. Although the total trans-
port between the subpolar and subtropical gyres increased by
only 8% between the two time periods (Table 1), the distri-
bution of transport changed dramatically within this region
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Figure 7. Winter integrated Sverdrup transport fields for two
decades (1966-75 and 1977-86), and their difference. Trans-
port between streamlines is given by their difference, and is
parallel to the lines. Contour interval is 10 Sv.

(Figure 5d). The ocean adjusted geostrophically to the di
vergence in poleward transport with a more than doubling of
eastward transport between 32-42°N (16.3 to 38.3 Sv), but a
reversal in zonal transport over 42-50°N (from 15.5 Sv east-
ward to 4.7 Sv westward) corresponding to the reduced sub-
arctic gyre circulation. The impressive changes in transport
are likely to have an associated equally important impact on
the advection of heat, nutrients and organic matter.

The redistribution of mass in the upper ocean associ-
ated with the alteration of the wind stress field resulted
in a modification of the meridional gradient of the sea
level surface (Figure Se). The drop in sea level over
32-48°N, with a minimum at about 43°N (Figure Se),
corresponded roughly with an area characterized by
isopycnal shoaling since 1976 [Miller et al., 1994;
Polovina et al., 1995; Deser et al., 1996]. This was
balanced by an increase in eastward geostrophic flow
on the subtropical side of the North Pacific Current
(34-42°N), but a decrease, and in some areas a reversal,
in geostrophic transport on the subarctic side (34-54°N).

Table 1. Total integrated transports in the North Pa-
cific Ocean

66-75 7786 EC' HR' B?

GYRE MERIDIONAL TRANSPORTS (SV)

SUBPOLAR -58 -50 -75 -55
SUBTROPICAL 72 90 100 100
SUBEQUATORIAL -48 -54 -40 -60
ZONAL TRANSPORTS (SV)
N. PACIFIC 130 140 175 155

89
N. TROPICAL -120 -144 -140  -160 -76

Based on winter wind stress forcing from 1966-75 and 1977-

86 periods. For comparison, transports from literature for

wmter and annual averages are shown. Sources are
YTrenberth et al. [1990], derived from ECMWE (EC) and

Hellerman and Rosenstein (HR) wind climatologies; and
2Burkov [1993].

Conversely, the higher sea level north of 48°N agrees with
observations of a deeper mixed layer [Miller et al., 1994;
Polovina et al., 1995; Deser et al., 1996].

Changes in ocean circulation over the central North Pacific
in association with the 1976 climate shift are reflected in the
transports of the eastern boundary currents as well. Surface
Ekman transport out of the Gulf of Alaska decreased by a
factor of two during 1977-86 (Figure 8a). The pattern of
Ekman divergence changed as well, with an area of maximum
upwelling due to Ekman pumping expanding west through the
Gulf after 1976 (Figure 4). The meridional Ekman compo-
nent through the California Current remained the same (Fig-
ure 8a). Seaward of the CCS, the southward Ekman transport
doubled as part of the basin-scale intensification in wind
stress described above. Winter Ekman transport away from
the coast, responsible for upwelling in the CCS, decreased
slightly after 1976 south of Monterey (Figure 3). Onshore
transport increased in the northern portion of the CCS and
along coastal British Columbia and Alaska, enhancing down-
welling. The summer pattern (not shown) suggests a decline
in coastal upwelling north of about San Francisco (to near-
zero in some areas), but greater upwelling in the south.

Meridional Sverdrup transports in the Alaska and Califor-
nia Currents for both time periods display a similar pattern; a
poleward (equatorward) transport north (south) of about
40°N, with a countercurrent near the coast (Figure 8b). How-
ever the distribution of transport into the Gulf of Alaska
changed profoundly. Prior to 1976, the flow across 50°N was
constrained in a strong, relatively narrow current along the
eastern edge of the Gulf. Transport in 1977-86 was weaker in
the east, but extended across the entire southern edge of the
Gulf. The integrated transport east of 135°W changed from
about 3 Sv northward to 1 Sv out of the Gulf. Transport be-
tween 135°W and 160°W was about 5 Sv prior to 1976, in-
creasing to about 9 Sv thereafter. For comparison, Tabata
[1991] estimated the average total transport between the coast
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Figure 8. Winter meridional (a) Ekman and (b) Sverdrup
transport (m%s) across S0°N and 34°N latitude, for two dec-
ades (1966-75 and 1977-86), representing transport into Gulf
of Alaska and through California Current. Scales shown to
left of each panel. Location of Ocean Station P (50°N,
145°W) denoted by dot.

and Ocean Station P (50°N, 145°W) is about 5 Sv, with 2 Sv
of this entering the Guif east of 135°W.

In contrast, equatorward Sverdrup transport in the Califor-
nia Current was only slightly weaker after 1976. It has been
suggested that during El Nifio years the transport of the Cali-
fornia Current is weaker and the Alaska Current strengthens
[Chelton and Davis, 1982; Chelton et al., 1982; Tabata,
1991]. A similar relationship is implied when comparing
indices of transport in these two boundary currents before and
after 1976; the Alaska Current became relatively stronger,
particularly west of 135°W, while the California Current was
reduced [Tabata, 1991]. However the results presented here
indicate the California Current’s transport was not signifi-
cantly changed following the 1976 shift.

4. Concluding remarks

These transports and circulation patterns are estimated
from simplified theory and do not include the effects of ther-
mobhaline circulation. However the consistency of these re-
sults and the magnitude of the differences before and after
1977 clearly indicate that the regime shift characterized by

the intensified Aleutian Low led to substantial and wide-
spread changes in ocean circulation and presumably to the
redistribution of heat and material throughout the North
Pacific. These changes are very likely to have had significant
effects on the ecosystems of the North Pacific as well. Fu-
ture, more realistic numerical models will examine the impact
of this and similar climate shifts on ocean circulation, incor-
porating ocean density effects as well. From these, we can
examine the true effect of climate change in transporting heat,
salt, nutrients, and organisms throughout the basin, and ulti-
mately assess its role in modifying ecosystem structure.
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